*, Steven A. Prescott b I nhibitory neurotransmission in the spinal dorsal horn is at the foundation of the gate control theory of pain and has been the subject of intense investigation. 16, 21 The dorsal horn is richly endowed with GABAergic and glycinergic neurons and their ionotropic receptors. GABA A receptors are located presynaptically on afferent terminals, and both glycine and GABA A receptors are found postsynaptically on dorsal horn neurons. 15 Pharmacologically blocking those receptors can reproduce many features of persistent pain, including mechanical allodynia and spontaneous pain. There is now unequivocal evidence that inhibition in the spinal dorsal horn is pathologically reduced after peripheral nerve injury and persistent inflammation. 6, 12, 14 Importantly, disinhibition can develop through distinct mechanisms. Here, we concisely review how disinhibition occurs, focusing on mechanisms affecting postsynaptic inhibition in dorsal horn neurons. We also discuss emerging therapeutic opportunities to restore normal inhibition.
Ion flux and effective cellular inhibition
Effective inhibition requires (1) that GABA A or glycine receptors are activated and (2) that receptor activation hyperpolarizes the postsynaptic neuron or at least prevents (ie, shunts) depolarization caused by concurrent excitatory input. Disinhibition can result from disruption of either step. Therapeutic efforts to restore inhibition have focused largely on replacing lost transmitter and/or enhancing the receptor activation caused by residual transmitter (through positive allosteric modulators). Indeed, there is evidence that inhibitory transmitters or their receptors are downregulated after nerve injury. But if the problem lies with the second step, modulating the first step may fail to reverse disinhibition and may even be counterproductive in certain circumstances. Therefore, how exactly do GABA A and glycine receptors mediate hyperpolarization and how can that process be pathologically undermined?
GABA A and glycine receptors are permeable to chloride and, to a lesser extent, bicarbonate. When these receptors open, chloride and bicarbonate ions flow across the membrane down their electrochemical gradients. The gradient for each ion depends on the relative concentration of the ion inside and outside the neuron, as calculated using the Nernst equation and expressed as the "reversal potential." Chloride moves into the cell because its intracellular concentration is low, whereas bicarbonate leaves the cell because its intracellular concentration is high (Fig. 1A) . Notably, bicarbonate is maintained at a high intracellular level because it is replenished by the enzyme carbonic anhydrase. Chloride influx produces a hyperpolarizing current that is usually only partially offset by the small depolarizing current produced by bicarbonate efflux; the net current is therefore hyperpolarizing. But if chloride influx were to decrease because of abnormally high intracellular chloride levels, the hyperpolarizing current it produces could become equal to or even smaller than the depolarizing current produced by bicarbonate efflux; in the latter case, GABA A and glycine receptor activation produces paradoxical depolarization on account of bicarbonate efflux. 4, 7, 11 Notably, this is different from primary afferent depolarization in which GABA A receptor activation causes depolarization through chloride efflux because chloride is actively loaded into primary afferents. In the case of spinal neurons, pathological changes reduce the capacity to remove intracellular chloride but chloride is not actively loaded into those cells. 21 This constitutes an important difference between presynaptic and postsynaptic inhibition.
In most central neurons, chloride is normally maintained at a low intracellular level by a K 1 /Cl 2 cotransporter known as KCC2.
17 KCC2 moves chloride out of the cell, against its electrochemical gradient, by allowing those anions to piggyback potassium cations moving down their electrochemical gradient. If chloride is not extruded through KCC2, it accumulates intracellularly because of its passive influx through numerous chloride channels including activated GABA A and glycine receptors. 11 Importantly, peripheral nerve injury, chronic inflammation, and long-term exposure to opioids all reduce KCC2 in the spinal dorsal horn.
6,9,14 KCC2 is not expressed on primary afferent terminals, and therefore presynaptic inhibition is impervious to changes in KCC2.
Based on the above discussion, one should appreciate that effective postsynaptic inhibition relies on chloride influx. This is even true of so-called shunting inhibition where depolarizing current caused by excitatory input is counterbalanced (ie, shunted) by hyperpolarizing chloride current (Fig. 1A) . Chloride influx would necessarily deplete the gradient were the gradient not constantly replenished by KCC2. 7 Even when KCC2 is functioning properly, its chloride extrusion capacity can be transiently overwhelmed during intense inhibitory input, which is to say that the cell gets flooded with chloride because KCC2 simply cannot clear it fast enough. Any reduction in KCC2 function makes these floods more likely 7, 11 and exacerbates their consequences (Fig. 1B) . If chloride extrusion by KCC2 fails, Sponsorships or competing interests that may be relevant to content are disclosed at the end of this article. postsynaptic inhibition will be reduced because activation of GABA A or glycine receptors will not produce sufficient hyperpolarization for effective inhibition. Although some shunting effects may remain simply because of conductance of anions through open GABA A or glycine channels, this loss of hyperpolarizing current reduces the impact of inhibitory circuitry on spiking, which is the ultimate output feature of neuronal circuits.
Inhibitory control of spinal circuits
The spinal dorsal horn comprises projection neurons and both excitatory and inhibitory interneurons that form circuits that are still not fully understood. 22 KCC2 is expressed by most central neurons, therefore most dorsal horn neurons are presumably susceptible to chloride dysregulation caused by KCC2 downregulation. 11 Chloride dysregulation in projection neurons has the most obvious consequences because it directly affects signals to the brain. 12, 14 In the case of lamina I projection neurons, chloride dysregulation leads to the unmasking of low-threshold inputs, consistent with the development of mechanical allodynia (Fig. 2) . 12 In deep dorsal horn, a similar effect has been observed where formerly nociceptor-specific (NS) neurons now receive low-threshold inputs.
14 Detailed quantitative analysis suggests that disinhibition is not associated with increased input to neurons that are normally of wide dynamic range. For both superficial and deep NS neurons, de novo low-threshold input is likely due to reduced feed-forward inhibition that previously masked the ability of Ab-fibers to activate this subset of neurons. But at least some of that unmasking likely occurs on account of chloride dysregulation among excitatory interneurons that lie upstream of the projection neurons and which themselves receive Ab input (Fig. 2) 23 (reviewed in Ref. 19) . A recently published landmark study has shed light on subsets of interneurons forming a local circuit responsible for mechanical allodynia. 8 Some excitatory interneurons in lamina II identified by their expression of somatostatin (SOM neurons) send dendrites ventrally into lamina III where they receive inputs from Ab-fibers. These neurons are directly excited by C-fiber input that causes them to fire action potentials. They are likewise excited by Ab inputs but do not fire action potentials in response due to feedforward inhibition from GABAergic and glycinergic interneurons. Crucially, the genetically targeted ablation of SOM neurons completely prevented the development of mechanical allodynia after nerve injury. The same study described a subset of inhibitory interneurons that can be identified by their expression of dynorphin (DYN neurons) and which also receive Ab inputs. These neurons provide the feed-forward inhibition for SOM neurons because their genetically targeted ablation causes SOM neurons to fire action potentials in response to Ab input. Remarkably, loss of DYN neurons promotes mechanical allodynia even in the absence of any injury. 8 It is tempting to speculate that loss of KCC2 expression in SOM neurons would profoundly influence the impact of feed-forward inhibition from DYN neurons (Fig. 2) . Future elucidation of such a mechanism would provide a molecular-and network-level explanation for allodynia that has thus far been elusive.
Implications for therapeutic intervention
Although chloride dysregulation linked to reduced KCC2 expression and/or function is now thought to play a key role in pathological pain, it is also clear that increasing GABAergic tone with positive allosteric modulators (PAMs 13 ) or by implanting GABA-producing stem cells 3 can reduce pathological pain. Do these 2 observations contradict one another? The answer is no. Part of the explanation lies in the preserved efficacy of presynaptic inhibition on primary afferent terminals; there is strong evidence that the analgesic efficacy of GABA A receptor PAMs is mediated primarily through these presynaptic receptors. 24 Beyond the retained efficacy of presynaptic inhibition, postsynaptic inhibition When intracellular chloride concentration is low, which is usually paralleled by high KCC2 expression, inhibition is very efficacious. As intracellular chloride concentrations increase, usually because of decreased KCC2 expression or function, inhibitory efficacy decreases. (B), A GABA A current is shown with an initial hyperpolarizing current followed by a longer-lasting depolarization. The depolarization arises because of chloride flooding wherein the chloride gradient is decreased or absent and bicarbonate currents become prominent leading to paradoxical depolarization. becomes weaker but does not abruptly stop as KCC2 function is diminished. The reduced hyperpolarization due to mild chloride dysregulation may be mitigated by increased glycine or GABA A receptor activation. 7, 20 Notably, however, this risks increasing the chloride flooding alluded to the above and will eventually fail if chloride dysregulation worsens. 2, 7 This has prompted efforts to target KCC2 or carbonic anhydrase (Fig 2, blue arrow) .
The most obvious way to address chloride dysregulation is to target the source directly at KCC2. Recently, PAMs for KCC2 have been described to increase KCC2 activity in vitro, 10 alleviate some aspects of neuropathic pain in preclinical models, 10 and transiently reverse the acquisition of lowthreshold input by deep dorsal horn neurons after peripheral nerve injury.
14 This route of pharmacological modulation of KCC2 has great potential for furthering our understanding of the function of these cotransporters but may ultimately be limited by the current view that proteolytic metabolism of KCC2 is a fundamental mechanism for downregulation of the cotransporter. However, it may be possible to target proteolytic metabolism of KCC2 through calpain, the key intracellular regulator of KCC2. 11 The upstream signals responsible for triggering KCC2 downregulation make BDNF and microglial activation good therapeutic targets as well. 5, 12 One should, of course, bear in mind that reduced transmitter release and/or receptor function can contribute to postsynaptic disinhibition. Therefore, pharmacological approaches to restore inhibitory tone are attractive. Moreover, various disinhibitory mechanisms can coexist, because there is no fundamental reason for them to be mutually exclusive. This has important implications for choosing the optimal therapeutic intervention. Combination therapy may achieve the most efficacious results because the underlying pathological mechanisms are multifaceted. But even if chloride dysregulation were the sole contributing disinhibitory mechanism, combination therapy makes sense. Computer simulations and behavioral experiments have shown that GABA A receptor PAMs become less effective when chloride extrusion is compromised. 1,2,7 As explained above, enhancing GABA A receptor activation may enhance inhibition if chloride dysregulation is not too far gone; by extension, restoring chloride extrusion capacity (eg, with KCC2 PAMs) even just a little may help restore the efficacy of GABA A receptor PAMs.
An attractive alternative target that emerges from this notion is blockade of bicarbonate efflux through glycine and GABA A receptors. As explained above, bicarbonate efflux mediates a depolarizing current that becomes prominent when hyperpolarizing chloride current is reduced because of intracellular chloride accumulation. This depolarizing current can be blocked by depleting intracellular bicarbonate through inhibition of the enzyme responsible for its generation, namely carbonic anhydrase. There is already experimental evidence for a synergistic effect of combining carbonic anhydrase inhibitors with GABA A receptor PAMs for the alleviation of pain in a variety of preclinical models.
1,2 Similar synergism would be expected with modulators of glycinergic transmission or even with a neural stem cell-based approach. Likewise, synergism would be expected between GABA A receptor PAMs and drugs directly targeting KCC2, whereas modulating KCC2 while blocking carbonic anhydrase would likely be redundant. 18 
Conclusions and outlook
Spinal disinhibition has emerged as a central focus for research into pathological pain mechanisms and therapeutics. As we have explained, synaptic inhibition in the spinal dorsal horn involves both presynaptic and postsynaptic mechanisms, each involving various mechanisms that are differentially susceptible to pathological insults. Precise understanding of these multifaceted mechanisms is needed to intervene most effectively. A more detailed understanding of these molecular, cellular, and circuit level events holds great promise for a new therapeutic approach to pathological pain. It is our view that the realization of these opportunities is rapidly approaching and in some cases, such as
